The preparation of four stereoisomers of -hydroxytyrosine containing burkholdines is described. Enantio-pure syn -hydroxytyrosine was synthesized using Sharpless aminohydroxylation. To obtain anti -hydroxytyrosine, the cinnamate derivative was oxidized to give the optical active diol derivative by the AD-mix and subsequently, the -hydroxy group was converted to amine. Deprotection of the acid-sensitive -hydroxytyrosine derivatives was successively accomplished by brief immersion in 4N HCl/dioxane. All prepared stereoisomers of -hydroxytyrosine were available for solid and solution phase peptide synthesis and amino acid analysis.
Burkholdines (Bks) are potent antifungal cyclic lipopeptides isolated from a culture of Burkholderia ambifaria 2.2N by Schmidt's group [1] . Bk-1229 (1) and Bk-1097 (2) show antifungal activities 16-fold more potent than that of amphotericin B [2] . These molecules are cyclic octapeptides containing hydroxytyrosine (3), -hydroxyasparagine and a new fatty amino acid (FAA). These nonproteinogenic amino acids were not only determined stereochemistry but also from the binding position of placement of the xylose residue. Although the absolute stereochemistry of the β-hydroxytyrosine residue and FAA moiety of Bk-1097 2 has recently been reported to be 2R, 3R and 3R, 5R, 6S, 7S, respectively [3] , there is no complete assignment for identification using NMR experimentation with synthetic compounds and/or X-ray analysis. In the same way, similar cyclic lipopeptides, xylocandins [4] and occidiofungins [5] , with the same amino acid constituents and a modified fatty amino acid have been reported in previous papers, but the absolute structures of these molecules has not been elucidated. Additionally, these cyclic octalipopeptides are promising antifungal agents that produce fungal cell membrane defects, although the inhibitory mechanism and target enzyme are unresolved. In the course of a research program into antifungal agents [6] [7] , we planned to determine the exact nature of the proposed structures by a synthetic approach. Thus, stereoisomers of enantio-pure -hydroxytyrosine (3) were employed as promising constituent amino acid residues.
In previous studies, several groups disclosed the synthesis of -hydroxytyrosine (3) and its derivatives. In 1953, syntheses of racemic -hydroxytyrosine (3) were reported by Holland [8] and Bolhofer [9] independently. Holland employed the oxazoline to reach -hydroxytyrosine derivatives [8] . Bolhofer prepared threo-and erythro--hydroxytyrosine derivatives from p-benzyloxybenzoyl acetate in 5 steps [9] . On the other hand, Herbert and Wilkinson reported preparation of enantio-pure syn-isomers of -hydroxytyrosine (3) using a Streptomyces aldolase as a resolving agent for racemic material [10] . In this case, anti-isomers of -hydroxytyrosine (3) could not be obtained. Although the synthesis of -hydroxytyrosine (3) derived from benzaldehyde and glycine with L-threonine aldolase was achieved by Griengl's group [11] , chemical yields and stereoselectivities of the process were low. In both cases, the concepts were excellent; however, it is difficult not only to obtain optimized enzymes, but also to synthesize the desired compounds in multi-gram amounts.
Despite numerous publications [12] on the synthesis of -hydroxyphenylalanine derivatives, synthesis of -hydroxytyrosine derivatives has rarely been reported, except for the above mentioned studies. One reason is that some changes in the reaction conditions of -hydroxyphenylalanine synthesis are necessary to give -hydroxytyrosine derivatives. Certain intermediates show a strong tendency to form cinnamic acid type compounds and/or retro-aldol adducts. Herein, we report the preparation of four possible stereoisomers of -hydroxytyrosine (3), its derivative 4 and an investigation of its stabilities (Figure 1 ).
In our previous study [13] , the synthesis of all stereoisomers of -methoxytyrosine was achieved to determine the stereochemistry of callipeltins [14] , cyclic depsipeptides with anti-HIV and cytotoxic properties. Despite the acid-sensitive characterization of the -methoxytyrosine residue, we optimized the deprotection condition using acidic reagents for the total synthesis of callipeltin B, E and M by Fmoc-SPPS [15] [16] . In the present paper, we attempted to use similar conditions for deprotection of the protecting -hydroxytyrosine derivative. The MEM group for the protection of the phenolic hydroxyl group of the -hydroxytyrosine derivative and the Bn group for that to use Fmoc-and Boc-SPPS were selected for the synthetic plan.
Ethyl ester (2S,3R)-7 was prepared from p-hydroxybenzaldehyde using our method, with good optical purity [13] . In brief, a 3 step sequence of MEM protection, Horner Emmons reaction [17] and Sharpless asymmetric aminohydroxylation [18] , was conducted. Subsequently, hydrolysis of (2S,3R)-7 with 2 eq. of LiOH in t-BuOH/H 2 O at 0 o C afforded carboxylic acid (2S,3R)-8 in 95% yield. TFA-mediated deprotection of Boc and MEM groups of (2S,3R)-8, an ordinary condition in peptide chemistry, were ineffective to give the desired amino acid (2S,3R)-3. Although using TFA in the absence of a protic solvent as an additive was an efficient reagent for the acid-sensitive substrate -methoxytyrosine, only decomposed products from (2S,3R)-8 were observed. After attempting several conditions, we found that deprotection of acidsensitive -hydroxytyrosine derivatives (2S,3R)-8 was successfully accomplished by immersion for just 1 h in 4N HCl/dioxane to give (2S,3R)-3 in 49% yield. The corresponding amino acid (2S,3R)-3 derived from (2S,3R)-8 was insoluble in dioxane and consequently the decomposition process was intercepted. The enantiomer (2R,3S)-3 could also be prepared using the same sequences as shown in Scheme 2. (2R,3S)-7 derived from 6 by the switching of chiral ligand was used. It is noted that those compounds with a syn configuration are gradually decomposed to afford alkenyl derivatives via dehydrate or deammonate processes in neutral conditions (Scheme 1 and 2).
As depicted in Scheme 3, (2R,3R)-3 was synthesized starting from 6. Preparation of azide (2R,3R)-11, which has already been reported by our group [13] , was improved to increase the chemical yields. The treatment of (2S,3R)-10 with NaN 3 in DMF at 60 o C afforded (2R,3R)-11 in 87% yield. Heating at over 60 o C caused a decrease in chemical yield, whereas a reaction mixture at 55 o C did not effectively proceed to recover the substrate. To convert azide to amine, the reaction condition was optimized. We found that hydrogenation of azide (2R,3R)-11 in MeOH in the presence of catalytic Pd/C and (Boc) 2 O in a hydrogen atmosphere gave (2R,3R)-7 in 82% yield. In this case, the reaction temperature was important to give the desired product in a satisfactory yield. Two deprotection processes, saponification of ethyl ester and removal of the Boc and MEM groups, afforded enantio-pure -hydroxytyrosine (2R,3R)-3 using our optimized condition in 81% yield over 2 steps. The enantiomer (2S ,3S )-3 was additionally given from the corresponding enantiomer 6, as shown in Scheme 4. After the preparation of (2S,3S)-11 in 3 steps, hydrogenation and deprotections were successfully accomplished to give (2S,3S)-3 without any problems. Interestingly, anti configurated compounds were conversely more stable than syn adducts. Nevertheless, consensus does not necessarily exist that the absolute chemistry of the -hydroxytyrosine residue in burkholdines is 2R,3R, anti form, reported by Schmidt and co-workers [3] .
In addition, preparation of (2R,3R)-4, which is a Bn-protected derivative, was conducted for the Boc strategy. After protection of the phenolic hydroxyl group with benzyl bromide, followed by a Horner Emmons reaction in high yields, as shown in Scheme 1, asymmetric dihydroxylation of 13 with AD-mix  [19] was attempted. However, the reaction was extremely slow to give (2S,3R)-14 in 40% yield (99% ee) and substrate 13 was recovered in a yield of 55%. The -hydroxy group of diol (2S,3R)-14 was converted to azide (2R,3R)-16 via p-nitrobenzenesulfonylate [20] as a leaving group in 61% yield over 2 steps. To retain the benzyl group, we needed to optimize the reduction conditions of (2R,3R)-16. Employing several conditions, we found that the Pd/C-ethylenediamine complex [21] as a catalyst and 1-propanol solvent combination with hydrogen atmosphere and (Boc) 2 O at 4 o C afforded (2R,3R)-17 with a yield of 84%. The saponification of (2R,3R)-17 with LiOH in t-BuOH/H 2 O gave Boc-Tyr(-OH)(Bn)-OH (2R,3R)-18 and subsequently treatment of (2R,3R)-18 with 4N HCl in dioxane afforded (2R,3R)-4 without any problems [22] (Scheme 3 and 4).
Stereochemical assignments of both isomers (2S,3R)-and (2R,3R)-3 were confirmed by 1 H NMR analysis. The coupling constant observed between protons H2/H3 of (2S,3R)-3 was J H2,H3 =4.0 Hz Preparation of four stereoisomers of -hydroxytyrosine Natural Product Communications Vol. 11 (2) 2016 215 and that of (2R,3R)-3 was also J H2,H3 =4.0 Hz. (J H2H3 =5.0 Hz for syn adduct and J H2H3 =3.5 Hz for anti adduct from Griengl's data [11] ). Since these coupling constants of -methoxytyrosine isomers were both ~9 Hz in our previous research [13] , there were obvious differences. This suggests the influence of hydrogen bonding between the amine and hydroxy groups. The 1 H NMR spectroscopic data of all the stereoisomers of synthetic 3 were identical to those of Griengl [11] , within normal error limits. The melting point and optical rotation of (2S,3R)-3 and its enantiomer were identical to those of Herbert [10] , although the properties of both enantiomers of anti-3 are unknown in the literature. Now, we have all four stereoisomers of -hydroxytyrosine (3) to determine the stereochemistry of the -hydroxytyrosine residue in burkholdines. Boc-Tyr(-OH)(Bn)-OH (18) or Fmoc-derivatives via -hydroxytyrosine (3) will be assembled by solution or solid phase synthesis, respectively. Moreover, these four stereoisomers of -hydroxytyrosine (3) make it possible to convert OPA, PITC and FDAA derivatives for amino acid analysis.
In conclusion, we prepared all four stereoisomers of hydroxytyrosine for the first time. Further investigations into the structural determination of burkholdines and their total synthesis are underway in our laboratory.
Experimental
General: All solvents were reagent grade. All commercial reagents were of the highest purity available. Analytical TLC was performed on silica gel (Merck Silica gel 60 F 254 ). Column chromatography was carried out on Silica Gel 60 N (Kanto, 63-210 μm). 1 H (400 and 500 MHz) and 13 C NMR (100 and 125 MHz) were determined on JNM-ECX400 and JNM-ECX500 spectrometers. Chemical shifts are expressed in δ (ppm) relative to TMS (0 ppm), CHCl 3 (7.26 ppm for 1 H and 77.1 ppm for 13 C), H 2 O (4.79 ppm for 1 H) or CH 3 OH (3.31 ppm for 1 H and 49.0 ppm for 13 C). IR spectra were obtained on a HORIBA FT-710. Optical rotations were determined with a JASCO DIP-371 polarimeter at the sodium D line. Mass spectra were obtained using a JEOL AccuTOF JMS-T100LC (ESIMS). Melting points were determined on an AS ONE ATM-02. Analytical HPLC was performed on a Shimadzu SPD-10A YP instrument (OD 256 nm) equipped with a Daicel CHIRALCEL IA (4.6×150 mm). 
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